Purpose To gain insight into a new technology, a novel facet arthroplasty device (TFAS) was compared to a rigid posterior fixation system (UCR). The axial and bending loads through the implants and at the bone-implant interfaces were evaluated using an ex vivo biomechanical study and matched finite element analysis. Kinematic behaviour has been reported for TFAS, but implant loads have not. Implant loads are important indicators of an implant's performance and safety. The rigid posterior fixation system is used for comparison due to the extensive information available about these systems. Methods Unconstrained pure moments were applied to 13 L3-S1 cadaveric spine segments. Specimens were tested intact, following decompression, UCR fixation and TFAS implantation at L4-L5. UCR fixation was via standard pedicle screws and TFAS implantation was via PMMAcemented transpedicular stems. Three-dimensional 10 Nm moments and a 600 N follower load were applied; L4-L5 disc pressures and implant loads were measured using a pressure sensor and strain gauges, respectively. A finite element model was used to calculate TFAS bone-implant interface loads. Results UCR experienced greater implant loads in extension (p \ 0.004) and lateral bending (p \ 0.02). Under flexion, TFAS was subject to greater implant moments (p \ 0.04). At the bone-implant interface, flexion resulted in the smallest TFAS (average = 0.20 Nm) but greatest UCR (1.18 Nm) moment and axial rotation resulted in the greatest TFAS (3.10 Nm) and smallest UCR (0.40 Nm) moments. Disc pressures were similar to intact for TFAS but not for UCR (p \ 0.04). Conclusions These results are most applicable to the immediate post-operative period prior to remodelling of the bone-implant interface since the UCR and TFAS implants are intended for different service lives (UCR-until fusion, TFAS-indefinitely). TFAS reproduced intact-like anterior column load-sharing-as measured by disc pressure. The highest bone-implant moment of 3.1 Nm was measured in TFAS and for the same loading condition the UCR interface moment was considerably lower (0.4 Nm). For other loading conditions, the differences between TFAS and UCR were smaller, with the UCR sometimes having larger values and for others the TFAS was larger. The long-term physiological meaning of these findings is unknown and demonstrates the need for a better understanding of the relationship between spinal arthroplasty devices and the host tissue as development of next generation motionpreserving posterior devices that hope to more accurately replicate the natural functions of the native tissue continues.
Introduction
Several motion-preserving spinal implants are presently in clinical use or under development including total disc replacements (TDR), synthetic nucleus replacements, flexible posterior instrumentation systems and devices that replace the facet joints [1] [2] [3] . These devices are intended to reduce the mechanisms of segmental degeneration that occur adjacent to fusion [4] [5] [6] by re-establishing the natural spinal kinematics and load-sharing at the operated segment [6] [7] [8] [9] [10] [11] . Another alternative to fusion-based treatment [12] that allows resection of facet arthrosis will become available through facet joint arthroplasty systems [1, 13, 14] allowing resection of some or all or the facet joint and associated lamina. A total facet joint arthroplasty device that functionally models the intact anatomy is the Total Facet Arthroplasty System Ò [TFAS Ò ; Archus Orthopedics (now defunct), Redmond, WA, USA, Fig. 1 ].
Pre-clinical testing is thought to have great relevance to certain aspects of the eventual clinical performance of spinal implant systems [15] . Motion-preserving spine implants have been evaluated under ex vivo human cadaver experiments [7-9, 13, 14, 16] , using in vivo animal models [8] and using theoretical finite element (FE) analyses [10, 11, 17, 18] . They have also undergone in vivo wear testing studies to evaluate the effects of wear particles in clinical service [19, 20] . As a subset of motion-preserving implants, facet replacement systems have only recently been developed, and considerably less preclinical research has been conducted for these devices [13, 14, 21] . To our knowledge, there have not been any in vivo animal models, wear or bone-implant interface strength studies reported for these systems.
One important consideration for these devices is the evaluation of the mechanical loads that are expected at the bone-implant interfaces through an ex vivo human cadaver experimental study, theoretical computation or even in vivo methods. It is important that such an evaluation be carried out to establish the postoperative safety of the device against loosening or mechanical failure. A prior study suggests that the facet loads in the natural lumbar spine could reach as high as 25 and 47 % of the total intervertebral joint load in the neutral posture for healthy and degenerated facets, respectively [22] . The natural facets also experience higher loads in torsion than in other directions under three-dimensional ex vivo flexibility testing [23] . No specific standards exist to delineate appropriate or allowable implant loads for motion-preserving facet arthroplasty devices, but significant ex vivo and in vivo clinical data of this type is available for similarly situated posterior fixation systems. Our objective was to Fig. 1 Posterior view of the three experimental and finite element (FE) models used in the determination of the Total Facet Arthroplasty System (TFAS) and posterior fixation system (UCR) implant and bone-implant interface loads. Implant loads (white arrows) were derived from three strain gauges applied to the cephalad stems of the TFAS (top left) and longitudinal rods of the UCR (top right). Strain gauges applied adjacent to the cephalad bearing of the TFAS (lower right) allowed the measurement of bearing contact loads (grey arrows). A FE model of the TFAS (lower left) was validated to the experimentally derived TFAS implant and bearing contact loads. Bone-implant interface loads were extrapolated from the implant loads of the UCR and compared to those calculated from the FE-TFAS model characterize and compare the loads within the implant, the bone-implant interface loads and disc pressures following TFAS implantation to those of a rigid posterior fixation system using combined ex vivo and FE analyses.
Materials and methods

Specimen preparation and biomechanical loading
Six human cadaveric lumbosacral spine specimens, L3-S1, were subjected to three-dimensional flexibility testing in axial rotation, lateral bending and flexion-extension, using an unconstrained testing machine [24] . The data from an additional seven specimens were used in conjunction for the validation of the FE model. We have previously reported on the kinematic methods and results for all thirteen specimens [14] . Specimen attributes are listed in Table 1 . The six donors ranged from 41 to 64 years with an average age of 49.5 years, consisting of 6 males. Each specimen was prepared by excising the musculature while preserving the osteoligamentous structure and mounting the L3 and S1 vertebrae in dental cement with the L4-L5 disc space orientated horizontally. Prior to testing each spine was screened for ligamentous integrity, pathological segmental degeneration or other pathologies that would exempt the specimens from inclusion in a clinical study.
Specimens were evaluated in four conditions: intact, injury, rigid fixation with a posterior fixation system (UCR, Seaspine, Vista, CA, USA) and following stabilization with the TFAS at the L4-L5 spinal segment. The injury model consisted of a wide decompressive laminectomy including bilateral facetectomy involving resection of the entire L4 and L5 facet joints, the L4 lamina and the L4 spinous process [14] . The UCR utilized 5.5 mm bilateral pedicle screws coupled with longitudinal rods (Fig. 1 ), which were removed preceding the TFAS evaluation.
The TFAS was implanted at the injury level as per the manufacturer's surgical protocol (Fig. 1) . Each pedicle hole was drilled to the appropriate length and diameter (cephalad or caudal) and polymethylmethacrylate (PMMA) bone cement was used to fix the cephalad and caudal stems. The caudal bearings were attached directly to the caudal stems and a cross-arm supporting the cephalad bearings was locked into place spanning both cephalad stems.
The spine motion simulator applied pure non-constraining ± 10 Nm moments to the top vertebra at approximately 2°/s in flexion-extension, lateral bending, and axial rotation for three cycles [24] . A 600 N compressive preload followed the contour of the spine ensuring compression perpendicular to the endplates between each segment [25, 26] . The L4-L5 intervertebral disc pressure was monitored with a 2.1 mm diameter custom needle pressure transducer for the six specimens used to determine the implant and interface loads (Robert A. Denton, Inc., Rochester Hills, MI, USA) [27] [28] [29] .
Implant measurements TFAS and UCR implant loads (six specimens) were calculated from three uniaxial strain gauges (CEA-06-015UW-120, Vishay Intertechnology Inc., Malvern, PA, USA) aligned with the longitudinal axes of the TFAS cephalad stems and UCR rods (Fig. 1) . The gauges were affixed, using epoxy adhesive, at 120°intervals around the circumference of the components. Using strain values from the independent gauges, the axial force and bending moment were calculated from theoretical beam-column stressstrain relationships at the location of the gauges [30] . Three uniaxial strain gauges (FLG-02-17, TML Tokyo Sokki Kenkyujo Co., Shinagawa-Ku, Tokyo) were applied to the other seven TFAS specimens, not included in the UCR subset, for the measurement of TFAS bearing contact loads (Fig. 1) . Bearing contact loads were calculated by combining the axial force and bending moment into a single force vector perpendicular to the bearing surface.
Each implant was calibrated prior to testing with a material testing machine. Compressive loads (90 N) were applied collinear with the implant axis (axial force calibration) and at radial increments around the circumference of the implant (bending moment calibration). The outputs of the gauges were balanced by applying scaling factors to two of the gauges (bending moment correction) and an overall correction factor (axial force correction) was determined so that the theoretical results from the beamcolumn theory optimally matched the experimental results. To validate the calibration, the spine motion simulator applied multiple pure-moment (±3.5 Nm) cycles to the end of the implant. Using these procedures, the maximum error in calculating a peak axial (90 N) or bending moment (3.5 Nm) was at most 7 and 13 %, respectively.
FE model
The cross-arm component of the TFAS rendered it statically indeterminate for the purpose of calculating boneimplant interface loads. For this reason, a FE model was developed, validated against the current experimental data, and used to calculate the bone-implant interface loads. The detailed, nonlinear FE model of a representative lumbar (L4-L5) functional spinal unit (FSU) was generated based on commercially available surface models of the spine (Digimation, St. Rose, LA, USA). Details on the element types and material properties for each of the components of the model are presented in Table 2 [31] [32] [33] [34] [35] [36] [37] [38] . Bone elements were assigned an isotropic, homogeneous, linear elastic material constitutive model based on applicable experimental results [36] . The annulus fibrosis was modelled as an orthotropic elastic material [33] . The nucleus was modelled as an incompressible fluid material that comprised 50 % of the total disc volume [39, 40] . The interfaces between the intervertebral discs and the endplates were continuous (node matched, displacement compatible). A tension-only, linear elastic fabric material representation was used to model the material behaviour of the seven major lumbar spine ligaments (Table 2 ) [39, 40] .
The intact model was modified to include the TFAS in a post-implant configuration (including bilateral facetectomy). Facet contact (intact model) and arthroplasty bearing contact (implanted model) were represented using surface-to-surface penalty algorithms (LSTC 2003) . The nonlinear multi-physics code LS-DYNA (Livermore Software Technology Corp., Livermore, CA, USA) was chosen as a software platform due to its large library of material property representations as well as its ability to adequately handle both large displacement and a variety of contact conditions. The intact model had 58,001 nodes, 52,256 hexahedral elements, and 4,918 quadrilateral shell elements. The TFAS model had 63,559 nodes, 56,260 hexahedral elements, and 4,266 quadrilateral shell elements.
FEA validation
The FEA validation was composed of two distinct phases.
In the first phase, isolated TFAS cephalad components were modelled and validated against experimentally loaded cephalad components. In the second phase, the TFAS model was incorporated into the L4-L5 FSU model and validated for implant loads under displacement-controlled flexion, extension, axial rotation, and lateral bending that matched the experimentally obtained data. The displacements applied to the models were prescribed to match the helical axis and range-of-motion data for each loading mode obtained experimentally [14] .
Bone-implant interface load calculation
Direct calculation of UCR bone-implant interface loads
Loading through the UCR was assumed to be primarily characterized by an axial force and pure bending moment through each independent side of the implant. This allowed the calculation of the bone-implant interface forces (bending moment and transverse shear force) from the loads measured at the strain gauge locations [27] .
FE calculation of TFAS bone-implant interface loads
The TFAS FE model was exercised using load-controlled boundary conditions. A 600 N follower load was applied to the superior endplate of L4, with a 10 Nm moment to induce flexion, extension, lateral bending, or axial rotation. Transverse shear forces and bending moments at the boneimplant insertion point were extracted from the FE results at a cutplane parallel to the bone-implant interface.
Statistics
Matched pairs Student's t tests were used to analyze the differences between experimental implant axial forces and bending moments in the TFAS and UCR. A repeated measures analysis of variance (MANOVA) was used to evaluate the disc pressure results. Comparisons between the specific conditions were made using the StudentNewman-Keuls (SNK) post hoc test. For all tests, a 95 % level of significance was used. The statistical package Statistica 5.1 (Statsoft, Tulsa, OK) was used for statistical analyses.
Results
The implant bending moments ( Fig. 2 ; Table 3 ), implant axial forces ( Fig. 2 ; Table 3 ), and bearing contact loads (Table 4) extracted to validate the finite element model generally fell within the range (AVG ± SD) of the experimental TFAS data. The results of the validation experiments and FE modelling of the isolated TFAS cephalad construct yielded excellent experimental-FE agreement (data not provided). The TFAS and UCR implant bending moments, axial forces and transverse shear loads were evaluated at the extremes of motion. The bending moments and axial forces ( Fig. 2 ; Table 3 ) generally increased with the applied moment (Fig. 3) . The TFAS FE model and UCR experienced maximum and minimum bone-implant interface bending moments in opposite loading directions ( Fig. 4 ; Table 5 ). Flexion resulted in the smallest moment for the TFAS (0.20 Nm), but the greatest moment for the UCR (1.18 Nm). In contrast, axial rotation resulted in the greatest TFAS moment (3.10 Nm) and the smallest UCR moment (0.40 Nm). In axial rotation, only the contralateral side of the TFAS to the direction of rotation experienced a greater moment (more than three times) than the UCR. The moments on the ipsilateral side of both implants were of similar magnitude. The cephalad arm of the TFAS experiencing the greatest bending moment varied with the direction of motion in lateral bending. In contrast, the UCR moment was always largest at the same pedicle for both left and right lateral bending, although the pedicle experiencing the greatest bending moment varied from right to left for different installations. The moments in the left and right sides of the TFAS and UCR were symmetric in flexion and extension, but the magnitudes were greater at the TFAS interface in extension and at the UCR interface in flexion.
The bone-implant interface transverse shear loads were always oriented superiorly for the TFAS regardless of the Fig. 2 The left and right implant bending moments (top) and axial forces (bottom) derived experimentally (average only) from the Total Facet Arthroplasty System (TFAS: n = 6) and posterior fixation system (UCR: n = 6). Similar loads were determined from a finite element model (FE-TFAS) of the TFAS. The axial force plots are separated into tensile (positive; white) and compressive (negative; gray) regions. The representative images in the centre illustrate the regions from which the loads were derived for each model. Significant differences (p \ 0.05) between TFAS and UCR are indicated by asterisk next to the label for the direction of loading (e.g. bending moment flexion). Means and standard deviations for this data series can be found in Table 3 Eur
direction of loading, while the UCR varied in orientation superiorly and inferiorly ( Fig. 4 ; Table 5 ). The TFAS and UCR shear loads were symmetric and similar in magnitude in flexion (TFAS: 78 and 73 N, UCR: 72 and 57 N), but greater and orientated inferiorly in the UCR in extension (UCR: -145 and -168 N; TFAS: 78 and 82 N). The greatest TFAS and UCR shear loads were seen in axial rotation (TFAS: 172 and 101 N; UCR: -67 and -42 N) at the interface opposite to the direction of rotation. The orientation of loading was inferior for both sides of the UCR in comparison to the TFAS. The TFAS shear was symmetric in lateral bending with smaller loads (range 45-60 N) in comparison to other loading directions. In comparison, the ipsilateral side of the UCR to the direction Table 3 Implant bending moment and axial force derived experimentally from TFAS (n = 6) and UCR (n = 6) implants and theoretically from FE-TFAS model In general the intact L4-L5 intervertebral disc pressure was consistent with pressure patterns of healthy lumbar intervertebral discs, increasing in flexion and extension from the neutral position (Fig. 5) . In comparison to intact, the UCR neutral position disc pressure was significantly less in axial rotation (p \ 0.04) and lateral bending (p \ 0.025). The maximum pressure also decreased significantly at peak extension (p \ 0.04) for the UCR. The TFAS was similar to the intact spine throughout the flexion-extension, lateral bending and axial rotation range of motions.
Discussion
Novel spine implants, such as the TFAS, must undergo extensive preclinical testing such as wear, biocompatibility, strength, load-sharing, fatigue and kinematic testing [15] . These tests are performed to provide a limited indication of the expected clinical performance of the implant. We have previously reported on the kinematic behaviour of this implant [14] . In the current study, we calculated the loads at the TFAS bone-implant interfaces, a key parameter that indicates the potential for bone-implant fracture or interface loosening. There are no guidelines to identify allowable stresses from a facet arthroplasty device, and for this reason, we evaluated the TFAS loads in the context of a posterior fixation system derived from a device family that has amassed considerable clinical experience.
Our a priori expectation was that the TFAS, by virtue of its motion-sparing design, would experience different and likely smaller implant and bone-implant interface loads than the rigid UCR. However, our results are inconclusive on this point: statistically speaking the experimental data shows that within the implants TFAS bending moments were greater than UCR moments for flexion but less than UCR moments for extension. UCR experienced higher moments than TFAS in ipsilateral lateral bending and there were not significant differences in contralateral bending or in either direction of torsion. Similar mixed loading modedependent differences existed for the other load metrics. The TFAS stress levels as estimated by the FE model, are well within the static and fatigue strengths of the implant's material and this has also been previously confirmed on the benchtop [41] .
The differences in implant and bone-implant interface loads were likely due to the distinct load-sharing behaviour and design philosophies between the two implants. Clinical and ex vivo experience has demonstrated that pedicle screw systems provide the least constraint to loading in axial rotation but are relatively rigid in all other loading directions [14, 27] . Therefore, it is not surprising that the UCR experienced the highest implant loads under lateral bending and extension. Flexion would appear to be an Fig. 4 The left and right bone-implant interface bending moments (top) and transverse shear loads (bottom) derived experimentally from the posterior fixation system (UCR: n = 6) and theoretically from a finite element model of the Total Facet Arthroplasty System (FE-TFAS). The transverse shear plots are separated into inferiorly (positive; white) and superiorly (negative; gray) directed regions. The representative images in the centre illustrate the plane at the boneimplant interface from which the loads were derived for each model. Means and standard deviations for this data series can be found in Table 5 exception to the above ''rule of thumb'' because TFAS had higher implant loads than UCR in flexion. The UCR may have had lower bending moments than the TFAS in flexion because the stabilized spine supported the applied moment through a force couple involving the intervertebral disc and the posterior instrumentation system [27] . Or, the TFAS may have measured higher bending moments than the UCR system under flexion because the specific coupling between anterior translation and flexion rotation in the lumbar spine altered the load vector generated at the cephalad bearing surface resulting in a larger moment arm relative to the measurement point on the TFAS arm than was the case for extension or lateral bending. In contrast, the TFAS constrains motions, when the TFAS articulations approach the end of their motion, via a more robust mechanism compared to the UCR (i.e. direct surface to surface articulation in the TFAS versus bending or torsion of the UCR longitudinal rods). The TFAS mechanism was specifically designed to simulate the loading of the natural facets. This attempt to recreate natural facet joint mechanics-natural lumbar facets experience high loads in axial rotation relative to the other directions- [23, 42] is probably the cause of the large TFAS versus UCR implant-bone interface load differences under axial torsion. The implantation angle (relative to the sagittal plane) of the two implant system was different. The UCR rods were generally aligned with the sagittal plane whereas the TFAS Cephalad arms were angled between 17 and 40°from the sagittal plane. The dissimilarity in implantation angle of the strain-gauge instrumented component of the two implant systems is a limitation of this study and may have contributed to the differences in the implant and boneimplant interface loads. However, we examined the relationship between implant angle and implant load for both TFAS and UCR (which also varied slightly from vertical). No direct relationship between implant angle and implant load could be discerned for either implant. This indicates that the difference in the implant loads estimated for UCR and TFAS that was due to the angle of the implant was likely minimal in comparison to the differences due to design philosophy and anatomic variation.
One of the goals of many motion-preserving devices is to reproduce intact tissue load sharing, while fusion systems such as the UCR do not typically attempt to maintain specific tissue loading patterns. TFAS is designed to restore the posterior stability and motion of stenotic patients postdecompression and is meant to complement the existing anterior column elements in a manner similar to the natural facets [14] . TFAS is currently contraindicated for cases of anterior column pathology or injury that results in substantial listhesis. The intervertebral disc pressure provides a measure of anterior column load sharing. For TFAS, the L4/L5 intradiscal pressure was similar to the intact segments in all directions of motion, but the same was not true for the UCR.
To our knowledge, this is the first study of implant and bone-implant interface loads pertaining to a facet arthroplasty device, an important component of the pre-clinical evaluation of these novel clinical devices. The data pertains directly to the risk of implant failure (implant loads) or bone-implant interface loosening (bone-implant loads) in the clinical situation. The highest implant moment of 2.88 Nm was measured in the UCR during lateral bending and the TFAS experience the greatest implant moment in flexion (2.40 Nm). These magnitudes are similar to the implant loads recorded in previous pure-moment biomechanical studies of posterior fixation systems [27, 43] . They are also similar to the in vivo loads measured in spine fixation implants during everyday activities such as standing, walking, bending and lying down [44] [45] [46] . At the bone-implant interface, the TFAS experienced the highest overall bending moment of 3.10 Nm during axial rotation and the UCR experience the greatest bone-implant moment Fig. 5 Average disc pressures in the intact spine (n = 6), following a wide decompressive laminectomy (WDL: n = 6) and implantation of the Total Facet Arthroplasty System (TFAS: n = 6) and posterior fixation system (UCR: n = 6) of the L4-L5 segment in flexionextension (top), lateral bending (middle) and axial rotation (bottom). The error bars represent one standard deviation. Significant differences (p \ 0.05) are indicated at the top of each bar (i.e. 'hk' at the top of bar 'e' indicates that the bar is statistically different from bar 'h' and 'k' as indicated at the base of the graph) under flexion loading (1.18 Nm). This may indicate that the TFAS is at risk of higher bone-implant loosening than the UCR under axial rotation. However, the precise bending moments resulting in bone growth or resorption at the bone-implant interface are unknown and the use of PMMA to augment the fixation of the TFAS prevents us from establishing whether the risk for implant loosening would be greater for the TFAS.
The TFAS is designed for bone fixation with PMMA bone cement. PMMA augmentation is known to increase the fixation strength of pedicle screws [47] [48] [49] , but unlike pedicle screws, the textured TFAS stems are unthreaded so a direct correlation may not be relevant. However, in previous in house testing at Archus Orthopedics, the fixation strength of the cemented TFAS was found to be more than twice that of the fixation strength of a similar configuration of standard pedicle screws in bone [41] .
The accuracy of the TFAS FE model can be estimated from the implant validation study, where a strong agreement was found between both the experimental and FE results. The experimental results exhibited considerable variation as is expected for biologic specimens, and this contributed to some of the variability with the FE model. A substantial deviation of the FE moment from the experimental results was observed under flexion in which the FE model predicted a much smaller moment magnitude. Potential sources for this discrepancy include numerical issues (inadequacies in contact conditions), variation in placement and angle (surgical versus numerical) of the TFAS device, and choice of strain gauge (uniaxial versus rosette), and strain gauge placement variability between the experimental and FE studies.
It is important to note that the current experiments were conducted under spinal loading that is an idealized laboratory representation of the expected loads in vivo. Actual in vivo loads are known to be both more complex and of higher magnitude than the loads applied in this protocol [50] [51] [52] [53] . Nevertheless, the current work is consistent with standard practice for conducting these evaluations and the spine research community is accustomed to interpreting in vivo clinical performance from ex vivo laboratory tests such as these. A further strength of this study was the use of a follower load to simulate the effect of torso musculature and of the weight of the body above the segment. This likely increased the loads at the implant bone interface and provided a more realistic mechanical basis for the comparison of the two implant systems.
In this study we have implicitly used the UCR as an indication of appropriate implant loads. The UCR, as a representative posterior instrumentation system with considerable documented clinical experience, is similar to the TFAS in terms of placement and by virtue of its transpedicular fixation. These results are most applicable to the immediate post-operative period in patients since the TFAS and UCR are intended to have different service lives (UCR until fusion, TFAS indefinitely) and the complex biological interactions that occur in vivo cannot be adequately represented by current state of the art experimental or FE modelling. However, extrapolation of the data to the long-term performance of the TFAS is not possible since the interactions and effects of bone remodelling cannot be simulated ex vivo. The TFAS consistently reproduced disc pressures that were similar to the intact segment throughout all ranges of motion suggesting good reproduction of intact-like load sharing in this implant. The TFAS implant load magnitudes were similar to those reported previously for posterior fixation systems ex vivo and following implantation in patients. The highest bone-implant moment of 3.1 Nm was measured in TFAS and for the same loading condition the UCR bone-implant interface only experienced 0.4 Nm. This result is not unexpected as the TFAS was designed to replicate the shape of the natural facets and these have also been shown to experience higher loads in torsion than in other directions during ex vivo loading. Further research is warranted to determine the physiological meaning of these findings as the relationship between the bone-implant interface loads of these magnitudes in the spine and the long-term efficacy of the implant is not known. This study demonstrates the need for a better understanding of the relationship between spinal arthroplasty devices and the host tissue as development of next generation devices that hope to more accurately replicate the natural functions of the native tissue continues.
